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Layered materials with robust magnetic ordering have been attracting significant research inter-
est. In recent experiments, a new layered material 1T -CrTe2 has been synthesized and exhibits
ferromagnetism above the room temperature. Here, based on first-principles calculations, we inves-
tigate the electronic, magnetic, and transport properties of 1T -CrTe2, both in the bulk and in the
two-dimensional (2D) limit. We show that 1T -CrTe2 can be stable in the monolayer form, and has a
low exfoliation energy. The monolayer structure is an intrinsic ferromagnetic metal, which maintains
a high Curie temperature above the room temperature. Particularly, we reveal interesting features
in the anomalous Hall transport. We show that in the ground state, both bulk and monolayer
1T -CrTe2 possess vanishing anomalous Hall effect, because the magnetization preserves one vertical
mirror symmetry. The anomalous Hall conductivity can be made sizable by tuning the magnetiza-
tion direction or by uniaxial strains that break the mirror symmetry. The room-temperature 2D
ferromagnetism and the tunable anomalous Hall effect make the material a promising platform for
nanoscale device applications.
I. INTRODUCTION
Layered materials have been attracting great interest
in recent research, because they offer a feasible route to
achieve high-quality two-dimensional (2D) materials [1–
3]. This has been well demonstrated in the cases of
graphene [4], 2D MoS2 [5, 6], and phosphorene [7, 8],
which were all first obtained from their layered bulk via
exfoliation method.
One focus in the field is to introduce magnetic ordering
into 2D materials, which is intriguing from both funda-
mental and application perspectives. In 2017, the first
two 2D intrinsic magnetic materials were reported in 2D
CrI3 and Cr2Ge2Te6, which are ferromagnetic (FM) with
Curie temperatures of 45 K and 66 K, respectively [9, 10].
Subsequently, several other 2D magnetic systems were
also identified, such as Fe3GeTe2 [11–13], VSe2 [14],
VTe2 [15], and MnSex [16]. It was demonstrated that
devices made from such 2D magnetic materials could
achieve superior performances [13, 17, 18], such as ultra-
high magnetoresistance [19] and efficient current-induced
magnetic switching [20], which are highly promising for
nanoscale device applications. Currently, the family of
2D magnetic materials is still quite limited. It is hence
an urgent task to explore new candidates, especially those
with room-temperature magnetism, which is required for
any practical applications.
To achieve 2D magnetic materials, a natural approach
is to look for layered materials with robust magnetic or-
dering in the bulk, then check whether the magnetism
can be maintained in the 2D limit. In fact, 2D CrI3
and Cr2Ge2Te6 were both discovered in this approach.
Recently, a new layered compound, 1T -CrTe2, was suc-
cessfully synthesized in experiment, and it was found to
be a FM metal with a high Curie temperature of 310
K [21]. The discovery attracted immediate interest. For
example, Lv et al. [22] theoretically studied the strain ef-
fects on the magnetism in monolayer CrTe2 and revealed
an interesting magnetic phase transition at compressive
strains. Sui et al. [23] calculated the electric field effect
on the magnetic anisotropy for a large family of 2D tran-
sition metal dichalcogenides, including monolayer CrTe2.
Most recently, the experimental study by Sun et al. [24]
reported that the room-temperature FM ordering can be
maintained in few-layer (down to 5 layers) 1T -CrTe2.
Motivated by these recent progress, in this work, based
on first-principles calculations, we systematically investi-
gate the electronic, magnetic, and transport properties
of 1T -CrTe2, in both bulk and 2D monolayer limits. We
show that the monolayer 1T -CrTe2 is dynamically stable,
and has a low exfoliation energy, comparable to other
existing 2D materials. The FM ordering is robust in the
monolayer limit. Our Monte Carlo simulation shows that
the Curie temperature for monolayer can still be above
the room temperature. For both bulk and monolayer, we
find that the magnetization prefers an in-plane direction
that preserves a vertical mirror. As a result, the anoma-
lous Hall effect is fully suppressed in the ground state of
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2these systems, and can only be made non-vanishing by
breaking this mirror symmetry. We discuss two methods
to turn on the anomalous Hall transport, by re-orienting
the magnetization (e.g., by an applied magnetic field)
and by applying an uniaxial strain. These are verified by
our calculation of the intrinsic anomalous Hall conduc-
tivity, of which the obtained values are comparable to
typical transition metal ferromagnets. Our results pro-
vide useful guidance to explore an intriguing magnetic
material. The robust room-temperature magnetism and
the sensitive dependence of transport (on external field
and strain) will open opportunities for the design of novel
sensors and functional devices at nanoscale.
II. CRYSTAL STRUCTURE
Single crystals of 1T -CrTe2 have been synthesized by
oxidation of KCrTe2 [21]. The bulk material has a layered
trigonal CdI2-type crystal structure, with space group
P3m1 (No. 164). As shown in Fig. 1(a) and (b), each
CrTe2 layer consists of Cr atomic layer sandwiched by
two Te atomic layers, such that each Cr atom is sur-
rounded by six Te atoms, forming an octahedral crystal
field. The structural data have been fully determined
by the X-ray powder diffraction method. The exper-
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FIG. 1. (a) Top view and (b) side view of the crystal struc-
ture of bulk 1T -CrTe2. The primitive cell is shown with the
solid line. (c) Crystal structure of the monolayer 1T -CrTe2.
(d) Brillouin zone for monolayer 1T -CrTe2 with high symme-
try points labeled. The three vertical mirrors for the lattice
structure are marked by the red lines.
imental values of the lattice parameters are given by
a = b = 3.7887 A˚, and c = 6.0955 A˚ [21].
In Fig. 1(c), we isolate one monolayer CrTe2 from the
bulk structure. It is found that the monolayer shares
the same space group symmetry as the bulk. The point
group symmetry for the structure (and also bulk) is D3d,
with generators of a rotoreflection S6 and a vertical mir-
ror Mx. Combining these two operations leads to another
two mirrors and the inversion symmetry P. The verti-
cal mirror symmetry Mx plays an important role in our
later discussion of the anomalous Hall effect, so it is high-
lighted in Fig. 1(d). From our first-principles calculation
(see Appendix A for the calculation details), the fully
optimized lattice parameters for the monolayer are given
by a = b = 3.729 A˚.
III. STABILITY AND EXFOLIATION ENERGY
To confirm the stability of the monolayer structure, we
perform the phonon spectrum calculation. The obtained
phonon spectrum is plotted in Fig. 2(a), which shows
that there is no soft mode throughout the Brillouin zone
(BZ), indicating that the structure is dynamically stable.
The group velocities for the acoustic phonon branches are
about 2.6× 105 cm/s.
To assess the feasibility to obtain the monolayer CrTe2
by exfoliation method, we evaluate its exfoliation energy.
This is done by calculating the energy variation (δE)
when a single monolayer is separated from the bulk by
a distance d (which simulates the exfoliation process, as
illustrated in Fig. 2(b)). With increasing d, the energy
saturates to a value corresponding to the exfoliation en-
ergy. As shown in Fig. 2(b), the exfoliation energy ob-
tained from our calculation is about 0.647 J/m2. This
value is comparable to that of graphene (0.37 J/m2) [25]
and MoS2 (0.41 J/m
2), and is less than that of Ca2N
(1.14 J/m2) [26, 27]. We have also calculated the ex-
foliation strength σ, which is defined as the maximum
derivative of δE with respect to the separation d. The ob-
tained exfoliation strength is about 3.0 GPa, also similar
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FIG. 2. (a) Phonon spectrum for monolayer 1T -CrTe2.(b)
Exfoliation energy (blue line) for 1T -CrTe2 as a function of
its separation distance d from the bulk (as illustrated in the
inset). Here the bulk is modeled by three 1T -CrTe2 layers in
the calculation. The red curve shows the exfoliation strength
σ (i.e., the derivative of exfoliation energy with respect to d).
3to the values for typical 2D materials, such as graphene
(∼2.1 GPa) [26]. These results indicate that monolayer
1T -CrTe2 can be readily obtained from the bulk mate-
rial by mechanical exfoliation. The recent experiment in
Ref. [24] indeed achieved few-layer 1T -CrTe2 by using the
exfoliation method.
IV. MAGNETIC ORDERING
The transition metal element Cr often brings about
magnetism in its compounds. In 1T -CrTe2, as we have
mentioned, each Cr ion is sitting inside the octahedral
crystal field formed by six neighboring Te ions. The crys-
tal field splits the Cr 3d orbitals into eg and t2g groups,
with eg having a higher energy. With the d
2 electron
count for the Cr4+ ion, according to the Hund’s rule, only
the low-lying t2g orbitals are partially occupied with par-
allel spins. This indicates that the Cr ions in 1T -CrTe2
carry magnetic moments. In addition, for partially occu-
pied t2g orbitals, the spin-orbit coupling (SOC) is typi-
cally much stronger (compared to the eg case where or-
bital angular momentum is quenched). This could help
to enhance the magnetic anisotropy and the Curie tem-
perature.
The magnetic ordering of bulk 1T -CrTe2 has been de-
termined in previous experiment [21], which is FM and
the magnetization lies in the layer plane. The Curie tem-
perature is about 310 K. In the following, we focus on the
magnetic ordering in monolayer CrTe2.
We find that the monolayer CrTe2 again prefers a FM
ground state, which agrees with the calculation result in
Ref. [22] and the experimental result obtained for few-
layer CrTe2 [24]. In addition, we find that the ground-
state magnetization is in-plane and perpendicular to a
vertical mirror plane (remember there are three equiv-
alent mirrors). The magneto-anisotropy energy for the
out-of-plane configuration is very high, reaching above
103 µeV per Cr. This is much higher than that of typ-
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FIG. 3. The normalized magnetic moment of monolayer 1T -
CrTe2 as a function of temperature by Monte Carlo simula-
tions.
ical 3d transition metal ferromagnets, such as Fe (1.4
µeV per atom), Co (65 µeV per atom) and Ni (2.7 µeV
per atom) [28, 29]. Meanwhile, the in-plane magnetic
anisotropy is relatively small, ∼ 3 µeV per Cr. Most im-
portantly, the spontaneous magnetic ordering preserves
one of the vertical mirrors, taken as Mx here. This will
have important consequences on the anomalous Hall ef-
fect.
We have estimated the Curie temperature (TC) for the
monolayer CrTe2. The calculation is done by using the
Monte Carlo simulation approach based on the classical
effective spin model [30]:
H = −
∑
〈i,j〉
JijSi · Sj +K
∑
i
(Szi )
2
, (1)
where Si is the normalized spin vector on site i, 〈i, j〉
indicates nearest neighboring sites, Jij and K are the
exchange coupling strength and the anisotropy strength,
respectively. The model parameters are extracted from
the first-principles calculations, given by J = 3.8×10−21J
and K = 1.6× 10−22J. The Curie temperature is deter-
mined from the variation of the net magnetization with
respect to the temperature, which is shown in Fig. 3.
The estimated TC value is about 305 K, above the room
temperature. Our result agrees very well with the recent
experiment on few-layer 1T -CrTe2 [24], which revealed
a Curie temperature similar to the bulk, reaching about
320 K.
V. ELECTRONIC BAND STRUCTURE
After determining the ground-state magnetic configu-
ration, we turn to the electronic band structures. Let us
first consider the bulk 1T -CrTe2. The calculated band
structures with and without SOC are plotted in Fig. 4.
One observes that the system is metallic, consistent with
the previous transport measurement [21]. From the pro-
jected density of states (PDOS), the low-energy states
around the Fermi level have contributions from both Cr-
3d and Te-5p orbitals. The spin polarization at the Fermi
level is about 20%. Notably, one observes in Fig. 4(b) a
nodal line along the K-H path below the Fermi level
around −0.8 eV, which is protected by the C3z symme-
try. The degeneracy of the nodal line is lifted when the
SOC is turned on.
Next, we consider the monolayer CrTe2. The corre-
sponding band structure results are plotted in Fig. 5.
One observes that the system remains metallic, and the
shape of the bands is also similar to that of the bulk (for
paths parallel to the layer plane). Parallel to the nodal
line in the bulk, one observes in Fig. 5(a) a twofold degen-
erate Weyl point W at K with energy of −0.6 eV below
the Fermi level (there is also another one at K ′). This
Weyl point belongs to the majority spin channel (taken to
be spin up here), hence is fully spin polarized. Note that
in the absence of SOC, spin is decoupled from the spatial
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FIG. 4. (a) Brillouin zone for the bulk 1T -CrTe2. (b) Band structure of bulk 1T -CrTe2 without SOC (left panel). The red and
blue bands are for spin-up and spin-down channels, respectively. The right panel shows the spin-resolved projected density of
states (PDOS). (c) Band structure of bulk 1T -CrTe2 in the presence of SOC.
degree of freedom. Hence, each individual spin channel
can be effectively considered as a spinless system, with all
the original (nonmagnetic) lattice symmetries preserved,
including the time reversal symmetry [31]. We find that
the Weyl point W is protected by the C3z and C2x sym-
metry. Subjected to the D3 little group at K (K
′). The
symmetry constraints are given by
C3zH0 (q+, q−)C−13z = H0
(
q+e
i2pi/3, q−e−i2pi/3
)
, (2)
C2xH0 (qx, qy)C−12x = H0 (qx,−qy) , (3)
where q is measured from K (K ′) and q± = qx ± iqy.
We find the following effective Hamiltonian for the spin-
polarized Weyl point:
H0(q) = vF (τqxσx + qyσy) , (4)
vF is the Fermi velocity, τ = ± for the K or K ′ point,
and σi are the Pauli matrices. When the SOC is turned
on, there is a small gap opening at this Weyl point, as
shown in Fig. 5(b).
VI. TUNABLE ANOMALOUS HALL EFFECT
The anomalous Hall effect is commonly used to charac-
terize FM materials. The study of anomalous Hall effect
has deepened our understanding of the geometric band
properties, such as the Berry phase and the Berry cur-
vature [32]. Below, we will investigate this effect in bulk
and monolayer 1T -CrTe2.
First, we note that for both the bulk and the mono-
layer, the ground-state magnetic configuration preserves
a vertical mirror Mx. This symmetry actually dictates
that the in-plane anomalous Hall effect must vanish [33].
This can be easily seen from the defining equation jx =
σxyEy. Under the mirror operation, jx flips sign while
Ey remains the same. The equation differs by an overall
minus sign, thus we must have σxy = 0. The argument
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FIG. 5. (a) Band structure of monolayer 1T -CrTe2 without
SOC (left panel). The right panel shows the zoom-in im-
age for dispersion around the point W . (b) Band structure
of monolayer 1T -CrTe2 (with magnetization along x) in the
presence of SOC. The right panel shows that there is a small
gap opening at W .
can be readily extended to any vertical mirrors (with
respect to the in-plane transport direction). Therefore,
the bulk and monolayer 1T -CrTe2 must have a vanishing
anomalous Hall effect due to the symmetry constraint by
Mx.
The anomalous Hall effect can be made non-vanishing
by breaking the Mx symmetry. In the following, we dis-
cuss two approaches to achieve this. The most direct
way is to change the magnetization direction mˆ by an
applied magnetic field. The other approach is to break
the symmetry via lattice strain.
To have a quantitative estimation of the anomalous
Hall effect, we calculate the intrinsic anomalous Hall con-
5ductivity, which is purely determined by the band geo-
metric properties and can be evaluated via first-principles
calculations [34, 35]. This quantity is given by
σixy = −
e2
~
∫
BZ
ddk
(2pi)d
Ωz (k) , (5)
where Ωz (k) is the z-component of the total Berry cur-
vature of the occupied states at k,
Ωz (k) = −2 Im
∑
n 6=n′
fnk
〈nk |vx|n′k〉 〈n′k |vy|nk〉
(ωn′ − ωn)2 , (6)
n and n′ are band indices, εn = ~ωn is the band energy,
v’s are the velocity operators, and fnk is the equilibrium
occupation function.
Let’s first consider the bulk 1T -CrTe2. We have
checked that for the ground state with mˆ along the x
direction, the intrinsic anomalous Hall conductivity van-
ishes identically. Then, consider the case with mˆ oriented
along the z direction. Figure 6 shows the calculated band
structure and the σixy as a function of the chemical po-
tential. One observes that σixy indeed becomes nonzero.
σixy is relatively small around the Fermi level, while pro-
nounced peaks appear below the Fermi level.
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FIG. 6. (a) The band structure and (b) σixy versus chemical
potential for monolayer 1T -CrTe2 when the magnetization is
along the z direction. SOC is included in the calculation.
Now, we focus on the monolayer CrTe2, for which the
magnetization can be more easily controlled. In Fig. 7,
we plot the band structures for mˆ along the y and z
directions. Compared with Fig. 5(b), one observes that
the basic shapes of the bands are more or less the same.
For magnetization along z, several band degeneracies are
lifted at high symmetry points. Figure 8 shows the Berry
curvature distribution for mˆ along different directions.
Note that when mˆ‖xˆ, the Berry curvature Ωz is an odd
function with respect to the mirror line perpendicular to
kx, indicating that its integral over the BZ vanishes due
to the Mx symmetry. In contrast, this symmetry is bro-
ken in Figs. 8(b) and 8(c), so these cases have a nonzero
σixy. As shown in Fig. 8(d), σ
i
xy for out-of-plane magne-
tization is typically larger than the in-plane case. The
peak value can reach about e2/~, comparable to typical
transition metal ferromagnets.
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FIG. 7. The band structures of monolayer 1T -CrTe2 with the
magnetization along (a) y direction and (b) z direction. SOC
is included in the calculation.
Strain engineering is very powerful technique to tune
the properties of 2D materials. The vertical mirror here
can also be broken by an applied uniaxial strain. Here,
we consider applying the 2% uniaxial strain along the
x direction [see Fig. 9(a)]. In this case, we find that
the magnetization still prefers the x direction. The en-
ergy for mˆ along the x direction is lower than that along
the y direction by about 82 µeV per Cr, which indicates
a much enhanced in-plane anisotropy. The correspond-
ing band structure is shown in Fig. 9(b). Compared to
Fig. 5(b), one notices that several degeneracies at the Γ
point have been lifted due to the reduction of symmetry.
In fact, only the inversion symmetry P is preserved for
the strained system. The intrinsic anomalous Hall con-
ductivity is shown in Fig. 9(c), which indeed becomes
nonzero.
VII. DISCUSSION AND CONCLUSION
We have a few remarks before closing. First, we have
calculated the intrinsic anomalous Hall conductivity in
this work. It is not the whole contribution to the anoma-
lous Hall effect. There also exist so-called extrinsic con-
tributions [32], which originates from the scattering pro-
cesses in the material, which are difficult to model accu-
rately. Nevertheless, our calculation serves the purpose
to demonstrate the dramatic tunability of the anomalous
Hall effect in the material. Note that the vanishing of the
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FIG. 8. Berry curvature distribution for monolayer 1T -CrTe2 when the magnetization is along (a) x direction, (b) y direction
and (c) z direction (SOC included). The black lines show the Fermi contours. (d) σixy plotted as a function of the chemical
potential for the magnetization along different directions.
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FIG. 9. (a) Schematic of monolayer 1T -CrTe2 under applied uniaxial strain along x. (b) and (c) show the calculated band
structure and the intrinsic anomalous Hall conductivity at 2% strain (SOC included).
anomalous Hall effect in the ground state is dictated by
symmetry, which applies for both intrinsic and extrinsic
contributions.
Second, to measure the anomalous Hall transport for
the out-of-plane magnetization, one needs to apply a
magnetic field to rotate mˆ to the z direction. The applied
field also generates an ordinary Hall effect, which needs
to be subtracted from the measured signal. Typically,
one can increase the B field until the Hall voltage enters
the linear-in-B regime, which indicates a saturated mag-
netization. Then the anomalous Hall contribution can be
obtained by extrapolating the linear line to the zero field
limit.
Finally, 2D materials typically have excellent flexibility
and can sustain very large strains. For monolayer CrTe2,
we find that it can sustain a critical uniaxial strain about
719%. The result in Fig. 9 is only for a small tensile strain
of 2%. One can expect that under even larger strains, the
anomalous Hall effect can be further enhanced.
In conclusion, we have systematically studied the elec-
tronic, magnetic, and transport properties of bulk and
monolayer 1T -CrTe2. We show that the monolayer 1T -
CrTe2 is a stable 2D material, which has a low exfo-
liation energy. The above-room-temperature ferromag-
netism can be maintained in the monolayer, with an es-
timated Curie temperature reaching ∼ 305 K. Due to
the strong SOC from the Cr-3d orbital configuration,
the magnetization is strongly confined in the layer plane.
Both the bulk and the monolayer have ground-state mag-
netization perpendicular to a vertical mirror plane. The
preserved mirror symmetry dictates a vanishing anoma-
lous Hall effect for these materials. This also leads to a
sensitive dependence of anomalous Hall response to ex-
ternal perturbations that break the symmetry. We show
that re-orientation of the magnetization or a small uni-
axial strain can both make a sizable anomalous Hall con-
ductivity. Our results provide useful guidance for further
studies on these interesting materials. The sensitivity
of anomalous Hall transport to external field and strain
could make monolayer 1T -CrTe2 a promising platform
for nanoscale sensors and functional devices.
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Appendix A: FIRST-PRINCIPLES METHODS
Our first-principles calculations were based on the den-
sity functional theory (DFT), using the projector aug-
mented wave method as implemented in the Vienna ab
initio simulation package [36–38]. The generalized gra-
dient approximation with the Perdew-Burke-Ernzerhof
(PBE) [39] realization was adopted for the exchange-
correlation functional. The cutoff energy was set as 450
eV. The energy and force convergence criteria were set
to be 10−7 eV and 0.01 eV/A˚, respectively. For the cal-
culation of the bulk, we adopted the experimental lattice
parameters and a 16 × 16 × 8 Γ-centered k-point mesh.
The van der Waals (vdW) corrections have been taken
into account by the approach of Dion et al. [40]. For the
calculation of the monolayer, a 16 × 16 × 1 Γ-centered
k-point mesh was used and a vacuum layer with a thick-
ness of 20 A˚ was taken to avoid artificial interactions
between periodic images. The phonon spectrum was cal-
culated using the PHONOPY code through the DFPT
approach [41]. To account for the correlation effects for
the Cr-3d orbitals, the DFT+U method [42, 43] was used
for calculating the band structures. For the results pre-
sented in the main text, the U value was taken to be
2 eV [23, 44]. The test results of other U values are
presented in Appendix B. The Berry curvature and in-
trinsic anomalous Hall conductivity were evaluated on a
denser k-mesh of 400 × 400 × 1 for the monolayer and
100 × 100 × 100 for the bulk material using the WAN-
NIER90 package [45, 46].
Appendix B: Band structure results with different
Hubbard U values
To assess the effects of Hubbard U parameter on the
band structure, we have tested several different U values
in calculating the band structure of monolayer CrTe2.
The representative results are displayed in Fig. 10. We
can see that the qualitative features of the band structure
are preserved. The system remains a FM metal. The
magnetic easy axis is also unchanged.
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FIG. 10. Band structures of the monolayer 1T -CrTe2 with
different U values: (a) 3 eV, and (b) 4 eV. SOC is not in-
cluded.
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